Background: Development of lung alveolar sacs of normal structure and size at late gestation is necessary for the gas exchange process that sustains respiration at birth. Mice lacking the lung differentiation gene T1α [T1α(-/-)] fail to form expanded alveolar sacs, resulting in respiratory failure at birth. Since little is known about the molecular pathways driving alveolar sacculation, we used expression microarrays to identify genes altered in the abnormal lungs and, by inference, may play roles in normal lung morphogenesis.
Background
Lung development starts in mice at embryonic day 9.5 (E9.5). By E16.5, airways have extensively grown and branched to form the bronchial tree. Between E16.5 and term (E20.5) lung cell proliferation is gradually reduced, and the distal lung undergoes significant morphogenetic changes to form the alveolar sacs. While a population of distal epithelial cells flattens, thins, and spreads to form type I cells, other distal epithelial cells remain cuboidal, acquire surfactant filled lamellar bodies and differentiate into type II cells. Differentiation of epithelial cells is accompanied by vascular remodeling and thinning of the mesenchyme, and results in enlargement of the diameter and surface area of the alveolar sacs. Overall this process is known as sacculation, and it is critical to increase the efficiency of fluid absorption and gas exchange processes at birth [1] [2] [3] .
Very little is known about the molecular regulation of sacculation in normal animals. Abnormal sacculation has been reported in many genetically altered animals carrying null mutations, or transgenes that mis-or over-express growth factors, transcription factors, and other regulatory molecules. These molecular abnormalities result in formation of alveolar spaces that are either too small, as in glucocorticoid receptor (GR) [4] , corticotropin releasing hormone (CRH) [5] , and Sp3 knockout mice [6] , and double p21(+/-)p57(+/-) and p21(-/-)p57(+/-) mice [7] , or too large as in gp330 knockout mouse [8] , the SP-C promoter-Bmp4 mouse [9] , and SP-C promoter-GATA6 mouse [10] . It is interesting that both extremes of alveolar sac size can result in death of the newborn shortly after birth due to respiratory failure. Collectively these observations suggest that formation of alveolar sacs of appropriate dimensions, surface area, and thickness is of fundamental importance in lung organogenesis and is critical for survival.
We have previously shown that mice carrying a null mutation of the T1α gene fail to form expanded alveolar sacs near term and die at birth due to an inability to inflate their lungs with the first few breaths [11] . In normal late fetal and adult lungs, T1α protein is uniquely expressed in the apical membrane of type I alveolar epithelial cells, which form over 90% of the alveolar surface that is specialized for gas exchange [12] [13] [14] . In the absence of this protein the alveolar sacs still form but they are narrower than normal and do not properly expand at birth. This abnormality appears to be linked to deficient differentiation of type I cells. This was indicated by the presence of fewer attenuated type I cells and reduced expression of Aqp-5, another type I cell marker gene. Secreted surfactant and surfactant gene expression patterns indicate normal differentiation of type II cells in T1α (-/-) lungs.
Some insights into the process of alveolar sacculation in normal animals come from gene expression microarray data using lungs of normal mice at different developmental time points from embryonic day 9 through postnatal week 4 [15] . This study shows marked changes in gene expression between fetal day 17 and newborn, a period that encompasses the process of sacculation. Among the genes altered are the transcription factors Pod1 and GATA6, the stress-related gene Cyr61, surfactant protein D, and caveolin-1α. However, this important survey was not designed specifically to study sacculation, which would require sampling at more frequent time points near term.
As an alternative approach for understanding the molecular regulation of sacculation, it is reasonable to compare lungs with normal alveolar sac formation to those with altered sac formation and infer from differences in gene expression a set of candidate genes involved in the process. Preliminary expression microarray analysis of the GR knockout lung [16] has explored the overall changes in gene expression that lead to alterations in alveolar sac formation. This approach has also been used to study the related process of alveologenesis, that involves formation of septae that 'subdivide' alveolar sacs into smaller units or true alveoli [17] .
Here, we use a microarray approach to begin to understand the molecular mechanisms by which formation of alveolar sacs is altered in T1α null mice, animals that serve as a highly reproducible model of altered lung sacculation. We have identified genes that are preferentially altered in the T1α null lung prior to recognizable structural abnormalities, such as ephrinA3, and identified that a number of regulators of the cell cycle are altered at term. Our study also shows that p21, a negative cell cycle regulator, is decreased at term but not at E18.5 at both the mRNA and protein levels, a finding that is likely associated with the failure of sacculation. These genes are now candidates for future studies designed to understand the molecular mechanisms that regulate sacculation in the normal lung.
Results

Altered alveolar sac morphology in the absence of T1α is evident on fetal day E18.5
T1α protein is expressed in the apical surface of lung epithelial cells throughout mouse development ( Figure 1 ). To determine the timing of the initial phenotypic alterations in the absence of T1α, we analyzed the distal lung morphology of T1α(+/+) and T1α(-/-) lungs at E11. 5, 15.5, 18.5, and 19.5 . Histological analyses showed no differences between T1α(+/+) and T1α(-/-) lungs at E11.5 and E15.5 ( Fig. 2A,B ,E,F). Gross morphology of the lobes and size of the epithelial buds are similar in (+/+) and (-/ -) lungs at E11.5. No significant difference in epithelial tube number and size is apparent at E15.5 (Fig. 2I,L) , suggesting that branching morphogenesis is not altered in T1α(-/-) lungs. In normal lung development, thinning of the mesenchyme, epithelial type I cell flattening, and enlargement of the air spaces are observed between E16.5 and term, as the alveolar sacs form. In the absence of T1α, the abnormal phenotype is evident at E18.5 and becomes progressively more severe at E19.5 ( Fig. 2C ,D,G,H) and at term [11] , as the alveolar sacs are very narrow and irregular and the mesenchyme appears thicker than normal ( Fig.  2K,N) .
Altered expression of PCNA and p21 genes
To determine whether morphological alterations observed in the absence of T1α at E18.5 are also accompanied by changes in cell proliferation, we compared expression of PCNA and p21 genes by northern and western blot analyses in (+/+), (+/-) and (-/-) lungs at E18.5 and term. Neither PCNA nor p21 protein level is altered at E18.5 in T1α(-/-) lungs compared to T1α(+/+) ( Fig. 3A-C ). However at term, p21 mRNA is reduced 3.6-fold in (-/-) lungs (p ≤ 0.05) ( Fig. 3B ) and p21 protein is reduced to 75% of the level in (+/+) lungs (p ≤ 0.05) ( Fig. 3C ). We have previously shown high numbers of PCNA-stained cells at term, and that PCNA protein is significantly up-regulated 1.8 fold in (-/-) lungs [11] . This trend is also observed in Fig. 3A (~1.7 fold, Student's t-test p = 0.059). The mRNA levels of other two members of the cdk inhibitor family, p27 and p57 at term are not altered (Fig. 3D ). These data suggest that the increase in distal lung cell proliferation in the absence of T1α occurs after morphological alterations are evident, and is probably the consequence of earlier changes in gene expression triggered by the absence of T1α. In the microarray analysis neither p21 nor p27 are detected as present (detection p > 0.05) precluding the comparison to the northern blot analysis. PCNA and p57 are both detected as present in the microarrays (detection p ≤ 0.05) and their levels of expression do not change in the absence of T1α (-/-) compared to (+/+) at E18.5 or at term (data not shown), similarly to the data obtained by northern blots (Figure 3 ).
Changes in gene expression in T1α null mutant lungs
To identify genes potentially involved in the abnormal alveolar sac formation of the T1α null lungs we analyzed global gene expression profiles of T1α(-/-) vs. T1α(+/+) lungs, at E18.5 and at term, using oligonucleotide microarrays. The data were analyzed using Student's t-test and the more stringent Mann-Whitney analysis [18] . We identified 239 genes that differ between (-/-) and (+/+) lungs at E18.5, with Student's t-test p ≤ 0.05, and median detection p value ≤ 0.05 at least in one genotype (Table S1, Additional file 3). Of those, 156 genes have a Mann-Whit-ney p value ≤ 0.05 (Table S3 , Additional file 3). Genes in this group that are up (+) or down (-) regulated more than 1.5 fold with a Student's t-test p ≤ 0.05 and Mann-Whitney p ≤ 0.05 are shown in Table 1 . At term, there are 50 genes that change significantly with a Student's t-test p ≤ 0.05 (Table S2 , Additional file 3), Mann-Whitney p = 0.08 (Table S4 , Additional file 3). The ability to detect genes that change significantly between T1α (-/-) and (+/+) at term was limited by the smaller sample size at that time point (n = 3). Known genes in this group changing more than 1.5 fold are shown in Table 2 . The microarray quality control parameters analyzed, described in the Methods section, indicate that all hybridization experiments are comparable and of good quality.
We used EASE bioinformatic tool to identify over-represented biological processes, defined by the Gene Ontology database (GO), for 239 genes that have altered expression at E18.5 and for the 50 genes altered at term in the absence of T1α (data not shown). Genes involved in vasculogenesis, protein targeting, protein metabolism and mitosis are over-represented at E18.5 with an EASE score ≤ 0.05. Apoptosis, cell proliferation and regulation of transcription are over-represented at term with an EASE score ≤ 0.05. This analysis reflects the molecular events that occur in fetal and term lung in the absence of T1α during alveolar sac formation, and supports the finding that altered proliferation is a late gestation event that may be the result of earlier changes in gene expression in the absence of T1α. These data also correlate with the increased PCNA and reduced p21 protein expression observed at term. Changes in gene expression between T1α(-/-) and T1α(+/+) lungs either at E18.5 or at term are significant (p ≤ 0.05; not corrected for multiple comparisons) but moderate, considering the major morphological changes observed in the absence of T1α. We previously Expression of T1α protein on the apical surface of mouse lung epithelial cells during development showed that the absence of T1α alters differentiation of type I epithelial cells but does not appear to affect other cell types of the distal lung at term, such as type II cells or endothelial cells [11] . Also, a similar proportion of epithelial to mesenchymal cells in T1α(-/-) and (+/+) lungs is suggested by unchanged levels of expression of the epithelial markers cytokeratin 8 and 18 and the mesenchymal marker collagen 1α1 at E18.5 and term (Figure S1, Additional file 1). Thus, molecular changes in an epithelial cell population that accounts for ~10% of the cells of the lung are likely to provide minimal signals when analyzed in the context of total lung mRNAs or proteins. These small but statistically significant changes are likely to be biologically relevant. Likewise, the molecular alterations in the absence of T1α could be at the post-transcriptional level.
We evaluated by real time RT-PCR (QRT-PCR) changes in expression of selected genes identified by the microarray analyses ( Figure 4 ). We confirmed the trend in expression observed in the microarrays for several genes, making them good candidates for further studies. Many of the genes have been previously described in the lung (see ref-
Lung phenotype in T1α null mice is apparent after E15.5 At E18.5 we identified genes that are involved in cell-cell interaction, cell motility, prostaglandin metabolism, and signal transduction ( Table 1) . One of the genes involved in cell-cell interaction and cell motility is ephrinA3, which is up regulated at the mRNA and protein level ( Figures  4A,B and 5A). Another member of the ephrin family, ephrin B2, is down regulated ( Table 1) . Cytoplasmic dynein, a motor protein involved in microtubule-mediated forward cell migration [20] , is up regulated in the absence of T1α ( Figure 4A ,B). Genes involved in cell adhesion are also altered, such as the extracellular matrix protein βig-h3, and VCAM1 (Table 1 ). Ptgs1 (prostaglandin p21 and PCNA expression is altered at term but not at E18.5 in T1α null lungs Figure  5B ). Overall these changes in gene expression suggest that a different reorganization of the cellular structure is taking place in (-/-) lungs compared to wild type at E18.5.
At term, expression of several genes involved in regulation of cell proliferation is altered ( Table 2 ). Among these, the early response genes FosB, Egr1, MPK-1 and Nur77 are down regulated ( Figure 4C,D) .
Some genes tested by QRT-PCR showed a variable level of expression in different T1α(-/-) lungs, such as Sp1 and Rb (data not shown). This is likely due to differences in the penetrance of the phenotype [11] within independent samples isolated in different experiments. The down-regulation of the expression of Cyr61 mRNA observed in the microarray analysis was not validated by other methods and Cyr61 protein level is significantly up-regulated in the absence of T1α (data not shown). This finding under-scores the fact that changes in mRNA levels do not always correlate with changes in protein expression.
Discussion
We have used the T1α knock-out mouse lung as a model of failed alveolar sacculation to begin to discover what genes are involved in the regulation of this critical morphogenetic event before birth. We previously reported that at term, lungs of the T1α knockout mouse display a severe phenotype [11] , with airspaces that are small and often tortuous. The small airspaces cannot be expanded under positive pressure, indicating that the peripheral lung surface area is underdeveloped. Despite this dramatic phenotype, the null lungs at term have many normal features, including a normal number of type II alveolar epithelial cells, normal expression levels of surfactant protein mRNAs (SP-A, -B, -C, and -D), of a bronchiolar cell marker (CCSP), and of selected growth factors including FGF7 and FGF10 [11] . Of the genes tested, only aquaporin 5, another type I cell membrane protein, is reduced at Several other genetically altered animals have shown a failure of sacculation resulting in lung histology that resembles the T1α deficient mice. The genes targeted in these animals therefore become candidates for key players in the process of sacculation. These include the transcription factors Sp3 [6] and NF1B [21] , hormones and hormone receptors CRH [5] and GR [4] , and inhibitors of the cell cycle p21/p57 (double p21(+/-)p57(+/-) mice) [7] . Mice deficient in these genes show failed sacculation at term, respiratory distress at birth, and usually neonatal death, while maintaining many normal features of the peripheral lung. The targeted genes that result in dysmorphic sacculation encode proteins of different functional
Real time RT-PCR validation of selected genes identified by microarray analyses in E18.5 and term T1α null lungs categories, such as transcription factors or membrane receptors. It is noteworthy that null mutations of two important alveolar epithelial proteins, T1α and gp330/ megalin [8, 11] , expressed in the apical membranes of type I and type II cells respectively, disrupt sacculation. T1α loss inhibits formation of expanded saccules, while loss of gp330/megalin results in abnormally enlarged saccules with cystic or emphysematous-like features [8] .
While the identity of the genes knocked-out in the above animals is obviously known, none of these models of altered sacculation has been explored in detail to define the molecular pathways that lead to their phenotype. T1α, Sp3, GR, CRH, and megalin, for example, are all expressed early in lung embryogenesis and in the lung thereafter [14, [22] [23] [24] [25] . In those knock-outs there is considerable uncertainty about the timing of molecular events that, in the end, affect sacculation. One could envision that the accumulation of small molecular anomalies over time might block a major morphogenetic event. To address this question, we show here that the global gene expression patterns of T1α null lungs at gestational day 18.5 and term differ both from controls and from each other.
Comparison of microarray analyses of T1α-null and wildtype lungs on day 18.5 shows changes in expression of genes in several functional categories including transcription factors, cell-cell interaction, enzymes, channels, and others, that are reflected in overrepresentation of several biological processes including vasculogenesis, protein targeting, protein, metabolism, and mitosis. Among the cellcell interaction genes ephrinA3 is significantly up-regulated in lungs showing narrow alveolar saccules. Ephrins are surface bound proteins that interact with eph tyrosine kinase receptors at sites of cell-cell interactions. The bidirectional signaling generated by this interaction regulates intercellular adhesion, cell shape and cell motility [26] . Ephrins, semaphorins, netrins and slit protein families generate molecular cues to guide cell movement and tissue morphogenesis [ [27] and references therein].
Semaphorins, netrins and slit proteins appear to participate in early lung branching morphogenesis. In contrast there is sparse information about the role of ephrins in the lung. Several ephrinAs and ephA receptors are expressed in adult lung suggesting that they can also participate in cell-cell interaction in this organ. In particular ephrinA3 is highly up-regulated in squamous lung cell carcinomas [28] . The role of EphrinAs has been mostly studied in neurons and vascular formation [29, 30] but it is possible that increased ephrinA3 in T1α(-/-) lungs alters the motility and/or shape of distal lung cells resulting in abnormal alveolar sac morphogenesis, a possibility that will require further evaluation.
Several types of enzymes such as peptidases, ligases, and others are affected at E18.5. One enzyme of particular interest is Ptgs 1 (Cox-1) that is decreased in T1α knockout lungs. Ptgs1 catalyzes the production of PGE2 that is the major prostaglandin species produced in the lung. PGE2 is known to be a negative regulator of lung fibroblast proliferation in adult rodents. While many lung cells can produce PGE2, murine alveolar epithelial cells are immunoreactive for COX-1 protein and adult alveolar type II epithelial cells have been directly shown to produce PGE2. Although the pattern of expression of Ptgs1 in mouse fetal lung is not known [31] , decreased epithelialderived prostaglandins due to a near absence of flattened type I cells, might affect mesenchymal cells in term T1α(-/-) lungs [32, 33] .
Biochemical data at term show that PCNA levels are higher and p21 levels are lower than normal in T1α(-/-) lungs. Microarray analyses of term T1α(-/-) lungs identify additional genes likely involved in the hyperproliferation phenotype of the term peripheral lung, such as FosB, Egr1, MKP-1 and Nur77. These immediate early genes are significantly down regulated. Changes in the expression of these genes were not observed at day 18.5. FosB belongs to the Ap-1 family of proteins regulated after mitogenic stimulation. c-jun/fosB dimers inhibit cell proliferation through binding to the Rb promoter [34] . Egr1 is a transcription factor responsive to a variety of stress and mitogenic signals that inhibits proliferation by activation of p21 [35, 36] . Reduced expression of Egr1 in T1α (-/-) lungs may be involved in the down regulation of p21 transcription observed at term. The transcription factor Nur77 (NGFI-B) is an orphan nuclear receptor that modulates the retinoic acid signaling [37] . MKP-1 is a member of the dual specificity protein phosphatases that inhibits G1 progression in response to growth factors. Decreases in MKP-1 have been associated with increased proliferation [38] . MKP-1 transcription is up regulated by glucocorticoids through the GR receptor [39] . The similar phenotype of GR null lungs and T1α null lungs suggests that MKP-1 could be a common gene altered in these two mutant mice that regulates distal lung differentiation. Although all these changes point to possible abnormalities in cell cycle regulation, exactly how this might work and what the relationship between excess cell division and failure of sacculation is, remain unclear. Based on studies of other cells, decreased p21 would be expected to result in increased cell proliferation in the affected cell population(s). However because the net effects on cell cycle regulation are likely complex and dependent on the context of the affected cells it will be important in future studies to determine which lung cell types show alterations in proliferation related genes. It is possible that proliferation is repressed in some cell types while others are hyperproliferative, and are PCNA positive. An important site of decreased p21 expression is likely the type II cell which, in the T1α knock-out mouse, continues to express PCNA inappropriately near term. Although the sites of p21 expression are not well mapped in the fetal mouse lung, p21 and pro-SP-B proteins colocalize in newborn baboon lung under some conditions [40] , and p21 mRNA is expressed in peripheral lung of fetal mice as shown by in situ hybridization [7] . If nascent type I cells are derived from post-mitotic type II cells, withdrawal from the cell cycle may be required before type I characteristics, including the distinctive morphology, can be expressed. This alone might affect sacculation. This possibility is consistent with the failed sacculation, neonatal respiratory death, and normal levels of surfactant proteins and CCSP in the double p21(-/-)p57(+/-) knockout mouse [7] .
We have hypothesized that changes in gene expression might be few and of small magnitude based on previous northern analyses of null lungs at term [11] . Given the striking phenotype of the term lung, the relatively small change in many of the affected genes identified by microarray analysis, often between 1.5 and 2 fold, is notable. Many of these changes are highly significant, however, and are included in our assembled data because of the low variance between samples. Although a >twofold difference has been conventional in considering genes as functionally important, a number of previous studies have also opted to use lower cut-off levels (1.2-1.5) [41] [42] [43] when the changes are highly significant. In the T1α null lung this issue may relate in part to the fact that the type I cell comprises only about 10% of total lung cells; thus even large fold changes in genes expressed by type I cell precursors could be masked by lack of change of the same gene in other cell populations. In this regard it would have been useful to determine the fold changes in Aqp-5 mRNA by microarray because it is expressed only in type I cells in the peripheral lung; however Aqp-5 mRNA is not represented on the arrays we used.
Conclusion
This global analysis of gene expression has identified a number of candidate genes that are significantly altered in lungs in which sacculation is diminished and has linked abnormal sacculation to alterations in the expression of cell cycle regulators. Some of these genes may be involved in the regulation of sacculation per se while others may be expressed as a consequence of failed sacculation. Our future studies will be directed towards further characterization of expression patterns genes identified, such as ephrinA3, Ptgs1 and the cell cycle regulators, as preliminary to test their functions in the sacculation process.
Methods
Animals
Generation of T1α null mutant [T1α(-/-)] mice was described previously [11] . T1α heterozygous [T1α(+/-)] mice were bred to generate timed pregnancies. The presence of a vaginal plug at noon was considered day 0.5 of pregnancy (E0.5). Fetuses were collected at E11.5, E15.5, E18.5 and E19.5. Term animals were obtained within 10 min of normal delivery. Mice were euthanized following IACUC-Boston University Medical Center approved procedures. Genomic DNA purified from a small piece of tail tissue was used to genotype the animals by PCR. Briefly, the targeting vector and/or endogenous T1α were detected using the following conditions: we amplified ~450 bp of the T1α promoter, absent in the targeted allele, using genomic DNA, Taq polymerase (QIAGEN, Inc., Valencia, CA), solution Q, 200 nM dNTPs, 94°C, 1 min; 50°C, 1 min; 72°C 2 min; 30 cycles; forward oligonucleotide (F) TGAATGAATGTAGGAGCGAGCTG; reverse oligonucle-otide (R) TTAGGCTCTGAACCCACAATGG. We also amplified ~750 bp of the targeting sequence containing part of the 5' arm of homology and of the neo sequence using the same genomic DNA, Taq polymerase (QIA-GEN), 1 mM MgCl 2 , 600 nM dNTPs, 94°C, 1 min; 60°C, 1 min; 72°C, 2 min; 30 cycles; forward oligonucleotide CCTTCTTGACGAGTTCTTCTGAGG; reverse oligonucleotide GGTCTTATCAGTTAGCTTGTGG.
Histology and immunohistochemistry E11.5 whole embryos or E15.5, 18.5, 19.5 and P1 dissected lungs were fixed in 4% paraformaldehyde/PBS pH 7.4 solution and embedded in paraffin as described previously [14] . Sections of T1α(+/+) and (-/-) lungs (6 µm) were stained with H&E to evaluate morphological changes in the absence of T1α as described previously [11] . T1α immunohistochemistry was performed as described by Kotton et al [44] . Briefly, antigen retrieval was performed by heating sections to 90°C in a citric acid buffer (antigen retrieval solution; Vector Laboratories) for 20 minutes, slowly cooling to room temperature, and prior to quenching. Sections were blocked with 1% goat serum in PBS (60 minutes), incubated overnight (4°C) with a monoclonal hamster anti-mouse T1α antibody (Developmental Studies Hybridoma Bank, University of Iowa, Hybridoma #8.1.1, [45] ), and treated with HRPlabeled goat anti-hamster IgG (ICN, Costa Mesa, CA) for 30 minutes at room temperature. Signals were amplified using tyramide (TSA-Biotin System, NEN Life Science Products, Boston, MA) according to the manufacturer's protocol and exposed to diaminobenzidine for 6.5 minutes. To filter out arrays of poor quality, several quality control parameters on each array were assessed. We reviewed the scanned image for significant artifacts, and the presence on the array of bacterial genes spiked into the hybridization mix (bioB and bioC). Background and noise measurements were below 100 in all arrays. The average 3' to 5' ratio of the signal for GAPDH was 1.01 ± 0.15 and for βactin was 1.63 ± 0.09 in E18.5 arrays. In term arrays, the 3' to 5' ratio for GAPDH was 1.63 ± 0.82 and for β-actin was 1.72 ± 0.54. A ratio less than 3 is considered acceptable. An average of 45.4 ± 3.8% probe sets exceeded the probe pair threshold in all arrays (called 'present'). Correlation values were calculated among arrays in the same genotype and developmental group. The average correlation values were: E18.5 T1α(-/-) (5 arrays) R 2 = 0.953 +/-0.023, E18.5 T1α(+/+) (5 arrays) R 2 = 0.939 +/-0.026, term T1α(-/-) (3 arrays) R 2 = 0.945 +/-0.016, and term T1α(+/+) (3 arrays) R 2 = 0.931 +/-0.026.
RNA isolation, labeling and microarray hybridization
Microarray data analysis
Prior to performing statistical analyses, we selected genes whose median detection p value was ≤ 0.05 (called 'present') in at least one of the 2 comparative groups (+/+ or -/-). To compare T1α(-/-) lung gene expression vs. T1α(+/+) at E18.5 (n = 5 each) or at term (n = 3 each), a Student's t-test was performed with a p-value less than 0.05 considered significant (Tables S1 and S2, Additional file 3). A Mann-Whitney test [18] was also performed given that expression levels of many genes did not follow a Gaussian distribution (Tables S3 and S4 , and current literature. Microarray data have been deposited in the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) database [48] . GSE1363 is the GEO accession number for the series object that summarizes the experiments and provides links to all other relevant accessions [49] .
Over-represented functional categories or "themes" altered in the absence of T1α at E18.5 and at term were identified using the EASE application [50] . EASE analyzes a list of Affymetrix ID numbers of the genes under study (input list) and finds over-represented biological "themes" in the list of genes, compared to the total number of genes for each biological theme in the array. The significance of each category is determined by two statistical values that are used to sort the categories, i.e. the standard Fisher exact probability, and a conservative EASE score that identifies robust categories. We considered categories with an EASE score ≤ 0.05 as over-represented.
Real Time RT-PCR
Selected genes differentially expressed in the microarray analysis, not previously linked to alveolar sac formation, were evaluated by real time RT-PCR (QRT-PCR). E18.5 and term total RNA, treated with DNA-free DNase (Ambion), was reversed transcribed (RT) (1 µg in 25 µl) using AMV reverse transcriptase (Promega, Madison, WI). RT reactions diluted 1:32 were analyzed by QRT-PCR in an ABI 7000 instrument (Applied Biosystems, Foster City, CA). Primers were designed using PrimerExpress version 2.0 software (Applied Biosystems) or were obtained from Assays-on-Demand (Applied Biosystems). Reactions were performed in 50 µl using either TaqMan PCR universal master mix or SybrGreen PCR master mix (Applied Biosystems). For all primers and probes, optimal concentrations were found and dissociation curves were performed for primers used in SybrGreen reactions to confirm a single product. The relative concentration of RNA for each gene tested was obtained using calibration curves performed with wild type E18.5 or term total lung RNA (n = 3), respectively. Samples and calibration curves were reverse transcribed and amplified under equal conditions. E18.5 T1α (+/+), E18.5 T1α (-/-), term T1α (+/+), and term T1α (-/-) lungs were analyzed in duplicate (n = 3-6). Data were normalized to β-actin mRNA at E18. 5 
